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In Experiments 1-3, we monitored search performance as a function of target eccentricity under 
display durations that either allowed or precluded eye movements. The display was present either 
until observers responded, for 104 msec, or for 62 msec. In all three experiments an orientation 
asymmetry emerged: observers detected a tilted target among vertical distracters more efficiently 
than a vertical target among vertical distracters. As target eccentricity increased, reaction times 
and errors augmented, and the set size effect became more pronounced, more so for vertical than 
tilted targets. In Experiments 4-7, the stimulus spatial properties were mampulated: spatial 
frequency; size; and orientation. The eccentricity effect was more pronounced for vertical than 
tilted targets and for high- than low-spatial frequency targets. This effect was eliminated when 
either the size, the size and orientation, or the size and spatial frequency were magnified (M-cortical 
factor). By increasing the signal-to-noise ratio, magnification reduced the extent of both 
asymmetries; it aided more the detection of tilted than vertical and of high- than low-spatial 
frequency targets. Experiments 4-7 indicate that performance improvement in the magnified 
conditions was due to the specific pairing of stimulus size with retinal eccentricity and not to the 
larger stimulus size of the magnified conditions. We conclude that stimulus size, orientation and 
spatial frequency influence the extent of the eccentricity effect and the efficiency of search 
performance. ©1998 Elsevier Science Ltd. All rights reserved. 
Visual search Display duration Spatial frequency Orientation 
Spatial resolution Retinal eccentricity Attention Asymmetry 
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INTRODUCTION 
Experiments in the field of visual search require an 
observer to detect the presence or absence of a target 
amid an array of distracters. Results from this type of 
experiments have been used in attempts to describe how 
the visual system extracts basic features such as 
orientation and color during the early stages of visual 
processing, and later combines the features to form a 
perceptual whole or scene. Visual search models also 
attempt o explain how and when covert attention is 
deployed (e.g. Cohen & Ivry, 1989, 1991; Treisman, 
1982; Treisman & Gormican, 1988; Wolfe, 1994; Wolfe 
et al., 1989). Theories of visual search generally fail to 
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take into account he possible effects of eye movements 
and target eccentricity. Even though it is known that the 
interaction of overt (eye movements) and covert shifts of 
attention may be a complex one (e.g. Kinchla, 1992; 
Posner et al., 1980), that detecting some targets may 
require foveal processing, and that target processing may 
be inherently enhanced at the fovea, theories of visual 
search ave been based on tasks in which eye movements 
may take place. Another limitation of most research in 
the field is that the physiological characteristics of the 
human eye, as well as the spatial characteristics of the 
stimuli, are not adequately taken into account. In 
particular, the remarkable difference in spatial resolution 
between the fovea and retinal periphery are rarely 
considered: target position within the visual field is 
routinely ignored, and performance is averaged across all 
locations of the display. 
In Experiments 1-3, we examined how display 
duration and target eccentricity affect detection of 
orientation features that are processed asymmetrically; 
a tilted line among vertical ines is allegedly searched in 
parallel, but a vertical line among tilted lines is 
supposedly searched serially (Treisman & Gormican, 
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1988). The variables of display duration and target 
eccentricity are interrelated: brief display durations 
prevented eye movements allowing us to equate field 
and retinal eccentricities and thus to address the role of 
spatial resolution in feature performance. We hypothe- 
sized that shortening display duration and increasing 
target eccentricity would hamper detection of vertical 
more than tilted targets. In Experiments 4-7, we explored 
the effects of the spatial properties of the stimuli on visual 
search performance. To investigate how processing 
differences between central and peripheral vision affect 
search performance, we employed the simplest stimuli 
for the visual system, sinusoidal gratings (Graham, 
1981). We hypothesized that by equating the stimulus 
cortical representation, search performance would im- 
prove and the eccentricity effect would be eliminated; 
that is, performance would not decrease as target 
eccentricity increases. We magnified the stimulus size, 
spatial frequency and orientation content, considered to 
be dimensions processed by specific feature maps (e.g. 
Treisman & Gormican, 1988; Wolfe, 1994). 
FEATURE ASYMMETRIES 
Many studies have used the visual search paradigm to 
describe search performance and to classify searches into 
preattentive and attentive ones, to explain how attention 
is deployed (e.g. Posner, 1992; Treisman, 1993; Treis- 
man & Gormican, 1988; Wolfe, 1994). Some studies 
report parallel searches where the target "pops out" of the 
display; this type of search is said to be preattentive and is 
not affected by set size (number of distracters present in 
the display). Pop out is said to occur when a feature target 
(e.g. a tilted line) deviates from the standard state (e.g. a 
vertical line; Treisman, 1993; Treisman & Gormican, 
1988; Treisman & Souther, 1985). Other studies have 
found searches for which as set size increases, so do 
reaction times (RTs) and error rates. Several investigators 
have resorted to covert attention to explain search 
performance and the "set size effect"; the claim is that 
display items or subgroups of items are searched serially 
until the target is detected (e.g. Treisman & Gelade, 
1980; Treisman & Sato, 1990; Wolfe, 1994). Serial 
processing presumably occurs during conjunction 
searches guided by feature information [e.g. a red vertical 
line among blue vertical and red horizontal lines; 
Treisman (1991); Wolfe (1994)] and when searching 
for features standard to the system (Treisman, 1993; 
Treisman & Gormican, 1988). 
It has been argued that there are differing demands in 
searches for the deviating values (tilted lines) and for the 
standard values (vertical ines) in terms of attentive vs 
non-attentive processing (e.g. Treisman & Gormican, 
1988; Treisman & Souther, 1985). Accordingly, asym- 
metries are said to emerge because features tandard to 
the system activate only a prototypical "channel", 
whereas deviating features activate both the prototypical 
channel and their own channel. For example, a single 
target "Q" will pop-out of a display consisting of many 
"O"s because of the added segment of the target, whereas 
a target "O" will be hidden by the noisy background 
created by the added segments in the distracter "Q"s 
(Treisman & Gormican, 1988). 
The direction of the search asymmetry is considered as 
a diagnostic tool to identify the primitives of the visual 
system. The same attributes appear to be coded as 
primitives, regardless of the media (luminance, depth, 
texture, color or motion) in which the stimuli are defined 
(Cavanagh et al., 1990). Asymmetries have been found 
for color, size and contrast; quantitative properties uch 
as length or number; properties of lines such as tilt or 
curvature; and topological and relational properties uch 
as the presence of free ends, and the ratio of the height o 
width of a shape (Treisman & Gormican, 1988; Treisman 
& Souther, 1985). 
TARGET ECCENTRICITY 
An eccentricity effect has been found in visual search: 
performance deteriorates as the target appears at farther 
display eccentricities, in detection (Carrasco et al., 1995; 
Carrasco & Frieder, 1997; Carrasco & Yeshurun, 1997), 
localization and identification (Carrasco & Chang, 1995; 
Carrasco & Girard, 1993; Carrasco & Theofanou, 1997) 
tasks. The set size effect may not necessarily reflect 
covert attentional shifts, but rather limitations inherent to 
the visual system. As set size increases, the likelihood of 
the target and distracters appearing at peripheral locations 
and the risk of recruiting more peripheral regions 
increase as well, slowing down performance and inflating 
the set size effect (Carrasco et al., 1995). Note that in 
order to increase the set size and keep the density 
constant, the display must expand outward in all 
directions into regions of greater eccentricities; the 
physical dimensions of a display create more locations 
at greater eccentricities. Therefore, the larger the set size, 
average RT may reflect more trials for larger than for 
smaller eccentricities. Alternatively, if the display size is 
kept constant, the density of items increases as set size 
increases. As a result, the possibility of having neighbor- 
ing items (crowding), and hence the possibility of lateral 
inhibition and lateral masking, would increase, especially 
at greater eccentricities. Even if display size and display 
density are kept constant (Treisman, 1991), the prob- 
ability of the target appearing at the perimeter of the 
display is greater for larger set sizes (Carrasco et al., 
1995). 
It is important to examine performance on the basis of 
the target eccentricity within the display (Carrasco et al., 
1995; Carrasco & Frieder, 1997) because the eye's ability 
to recognize detail varies greatly depending on the region 
of the retina which receives the information (e.g. 
DeValois & DeValois, 1988; Kitterle, 1986; Levi et al., 
1985; Virsu & Rovamo, 1979). The spatial inhomogene- 
ity of the visual system results from decreasing spatial 
resolution (grating acuity) and increasing positional 
uncertainty (lateral interference) as a function of 
eccentricity. Both these effects are related to the 
increasing receptive field size towards retinal periphery 
(Breitmeyer, 1984). The problem of performance being 
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confounded by target eccentricity has not been consid- 
ered either in the design of the programs or in the analysis 
and interpretation f the visual search data. 
Here, we propose that researchers' conclusions about 
feature search asymmetries based on the presence or 
absence of a set size effect may be confounded with 
effects of target eccentricity. We hypothesized that the 
orientation feature asymmetry----detecting the tilted 
target among vertical distracters in a more efficient way 
than detecting the vertical target among tilted distrac- 
ters--may arise because target eccentricity may affect 
the detection of vertical more than of tilted targets, and 
not necessarily due to the participation of covert 
attentional shifts for the detection of vertical targets. 
We explored whether the orientation asymmetry was 
similar under display durations which allowed or 
prevented eye movements. Given that orientation has 
been proposed to be one of the primitives for the system, 
we expected the orientation asymmetry to prevail even 
under viewing conditions in which eye movements were 
precluded (Experiments 2 and 3). Furthermore, given that 
tilted targets are presumably detected more efficiently 
than vertical targets, we expected that preventing eye 
movements and limiting the amount of covert attentional 
shifts would hamper search for vertical more than tilted 
targets. Given that spatial frequency is another basic 
dimension for the visual system, we also explored 
whether high- and low-spatial frequency gratings would 
be searched inan asymmetric fashion (Experiments 5-7). 
The eccentricity effect could, in principle, be attributed 
to eye movements, covert attentional shifts, or spatial 
resolution. The spatial resolution hypothesis has been 
supported because of the highly similar eccentricity 
effect found for conjunction searches under different 
display durations which allowed or prevented eye 
movements and altered the number of covert attentional 
shifts that could take place while the display was present 
(Carrasco et al., 1995). However, because serial search 
may result from successive ye movements rather than 
sequential focusing of covert attention, it is surprising 
that most visual search studies have not imposed any 
constraints on eye movements. 
Eye movements 
Even though some researchers have instructed obser- 
vers to maintain their eyes at the fixation point while the 
display is present (e.g. Enns & Rensink, 1990a,b) with 
search times ranging from 0.5 to 1.5 sec, it is very likely 
that more than one eye fixation is made before the 
observer responds, especially with large set sizes (Pashler, 
1987a) and when the target-distractor similarity is high 
(Zelinsky, 1993; Zelinsky et al., 1993)*. Two studies that 
have specifically addressed the role that eye movements 
may play in visual search performance, Treisman & 
Gormican (1988), Fig. 14)t, and Klein & Farrell (1989),, 
concluded that saccadic eye movements have little 
importance in the search pattern. However, this conclu- 
sion may be challenged by the following limitations: 
1. It has been shown that slopes for set sizes up to eight 
are closer to an absent to present 1:1 ratio, which is 
not consistent with a serial self-terminated process, 
whereas RTs for the larger set sizes are closer to 2:1, 
indicative of a serial self-terminated process (Pash- 
ler, 1987a). Had set sizes been >6 (Treisman & 
Gormican, 1988) or >10 (Klein & Farrell, 1989), 
results may have been different. In the first study, 
the superior performance for the unlimited as 
opposed to the limited viewing conditions was more 
pronounced as set size increased. Indeed in the 
second study, the differences between unlimited and 
limited viewing conditions were found for set size 
10 when the target was not present. Had perfor- 
mance differences between both conditions contin- 
ued to increase with larger set sizes, covert 
attentional shifts would have been questionable as 
the mediators of search performance, because ye 
*Zelinsky (1993) has concluded that a detailed study of eye 
movements i necessary to illuminate underlying processes of 
visual search that are not easily addressed using the conventional 
RT methodology. 
tTreisman & Gormican (1988) compared search rates for a shorter line 
among longer lines when display durations were limited to 
180 msec (to preclude ye movements), and when the displays 
were present until the observer esponded. Data from eight 
observers with error rates < 33% for set sizes ranging from one 
to six were analyzed. The finding that the search was faster for the 
former than for the latter viewing condition was interpreted as 
resulting from the disappearance of the display before all the 
stimuli could be checked. Accordingly, the data were re-analyzed 
by subtracting the miss rates for each set size to calculate the 
effective number of stimuli "searched" and plotted against the RT. 
It was concluded that since the slope difference almost disappeared, 
the curtailed processing was more responsible for the reduced 
slopes than the elimination of eye movements. (The correction 
factor should have also been applied to the free viewing condition, 
since some errors may have occurred under this condition.) The 
other alternative that these authors mentioned, but did not explore, 
is that he higher search rates under the unlimited viewing condition 
may include some eye movement time or rechecking time. 
:~Klein & Farrell (1989) investigated the role of eye movements in
visual search by comparing search performance under unlimited 
viewing conditions with two tasks in which saccades were 
precluded: In Experiment 1, the display duration was limited to 
180 msec; in Experiment 2,the display was on the screen until the 
observer responded, but eye position was monitored and trials with 
shifts in fixation were excluded from the analysis. Two different 
sets of stimuli were presented in circular displays (two, six or ten 
items with a radius of 2.4 deg). For the "parallel set", the targets 
were a circle with a gap, or a circle with a line, in a background of 
whole circles; for the "serial set", the target was a whole circle in a 
background of circles with gaps or circles with lines. For the 
limited display condition, the absent and present slopes for the 
serial sets were equivalent. However, since errors dramatically 
increased for present trials as set size increased, Klein and Farrell 
suggested that the performance patterns were due to special 
strategies adopted to deal with the short display duration, and 
concluded that brief duration is not a satisfactory technique for 
exploring the role of eye movements in visual search. In 
Experiment 2, the results indicated that the same 2:1 absent/ 
present search pattern was found both when the observers were free 
to inspect the display and when their gaze was fixed. They 
concluded that saccadic eye movements play little role in 
producing the characteristic RT-pattern, and suggested that covert 
shifts of attention may be responsible for the 2:1 absent/present 
relationship. 
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movements become more critical with larger set 
sizes (Pashler, 1987a; Zelinsky et al., 1993; 
Zelinsky & Sheinberg, 1997); 
2. Klein & Farrell (1989) used a circular display so that 
all stimuli were equidistant from fixation. Although 
it is good to control for target eccentricity, the 
search pattern they were exploring stems from 
experiments in which square or rectangular displays 
were used and the target appeared at different 
distances from the fixation point (e.g. Treisman & 
Gormican, 1988), which may elicit a different 
pattern of eye movements or covert attentional 
orienting strategy as circular displays do; 
3. The high error rate found for the brief display 
duration experiments of these studies could have 
been reduced by a number of manipulations, uch as 
increasing practice, increasing stimulus alience and 
providing observers feedback about their perfor- 
mance. Furthermore, the heterogeneity of the 
distracters (the gap within the circle was at different 
positions) may have contributed to their higher error 
rates (Klein & Farrell, 1989; Fig. 1, p. 477); RT and 
errors increase as distracter heterogeneity increases 
(Duncan & Humphreys, 1989). 
In Experiments 1-3, we circumvented these three 
limitations. 
Cortical magnification 
The eccentricity effect reveals that the limitations 
imposed by the physiological architecture of the visual 
system extend to visual search tasks. Physiological (e.g. 
Hubel & Wiesel, 1979) and psychophysical (e.g. Levi et 
al., 1985; Rovamo & Virsu, 1979; Virsu & Rovamo, 
1979) studies have shown quantitative differences in 
processing between central and peripheral regions of the 
retina. If the quantitative differences imposed by the 
architecture of the visual system are not accounted for, 
then conclusions that purport to explain performance 
merely in terms of covert attention or any other factor 
may be confounded. 
The visual system devotes agreater number of neurons 
to the central visual field than to more peripheral regions, 
from the retinal ganglion cells to the visual cortex 
(DeValois & DeValois, 1988). Despite the spatial 
undersampling and positional irregularity which purport- 
edly occur in the periphery, scale invariance has been 
demonstrated for many different visual tasks (e.g. 
Kitterle, 1986; Levi et al., 1985; Virsu et al., 1987; 
Virsu & Rovamo, 1979; Whitaker et al., 1992; Wilson, 
1991). The finding that in most visual tasks the apparent 
qualitative differences reflect only quantitative sampling 
differences has led to the cortical magnification theory of 
peripheral vision. Indeed, it has been proposed that 
except for a change of scale, visual performance is 
homogeneous everywhere across the visual field (e.g. 
Watson, 1987). 
By measuring visual contrast sensitivity of sinusoidal 
gratings at different areas of the visual field, Virsu and 
Rovamo (1979) arrived at a cortical magnification factor 
(M) that has been widely used. Linear cortical magnifica- 
tion (M) describes the distance along visual cortex 
corresponding to 1 deg of visual eccentricity and is 
usually expressed in millimeters of cortex per degree of 
visual angle. According to this factor, by scaling the 
stimulus dimensions appropriately, one can equate the 
amount of cortex activated, regardless of retinal eccen- 
tricity, and achieve similar spatial and temporal contrast 
sensitivity functions. 
Different tasks decline with eccentricity at different 
rates depending upon the spatial and temporal character- 
istics of the task itself and may require different scaling 
factors (e.g. Drasdo, 1989; Levi et al., 1984, 1985, 1987; 
Whitaker et al., 1992). Levi and colleagues [also see 
Westheimer (1982); Barlow (1979, 1981)] distinguished 
between tasks primarily limited by retinal factors, for 
example, resolution performance, and those primarily 
limited by cortical processing or that rely on the 
Parvocellular pathway alone, for example, vernier 
(positional) acuities. Their results showed a slower 
deterioration with eccentricity for resolution (e.g. grating 
acuity) than for tasks tapping into the specialization of 
the fovea (e.g. hyperacuities). 
Spatial frequency and orientation "channels" 
It is generally accepted that information undergoes 
parallel processing by a number of different channels 
each tuned for orientation and spatial frequency (De 
Valois & DeValois, 1988; Graham, 1989; Olzak & 
Thomas, 1986). The visual system seems to extract 
spatial information by means of many "channels" or 
quasi-independent mechanisms whose bandwidths are ca 
1-2octaves in spatial frequency and ca 15deg in 
orientation (DeValois & DeValois, 1988; Ginsburg, 
1978; Julesz & Schumer, 1981; Westheimer, 1984). 
Outputs from these individual filters appear to be 
processed simultaneously and jointly create the global 
picture that is seen (Ginsburg, 1978). The contrast 
sensitivity function (CSF) for a human observer illus- 
trates that the highest sensitivity is in the mid spatial 
frequency range with a sharp drop-off in sensitivity to 
high spatial frequencies and a more gradual drop off for 
low frequencies (DeValois & DeValois, 1988; Pointer & 
Hess, 1989; Robson & Graham, 1981). 
There is also psychophysical evidence of orientation 
selective channels (DeValois & DeValois, 1988; 
Graham, 1989; Hubel et al., 1978). Indeed, the cortical 
origin of the spatial frequency channels is indicated by 
their orientation selectivity (Gilinsky, 1968; Blakemore 
& Nachmias, 1971), and by the interocular t ansfer of the 
orientation selectivity effect (Blakemore & Campbell, 
1969). Furthermore, adaptation to a particular spatial 
frequency does not produce a loss in contrast sensitivity 
to patterns of the same spatial frequency if the adapting 
and test patterns differ in orientation (Blakemore & 
Campbell, 1969). 
Critical to this study are the findings that indicate that 
both spatial frequency selectivity and orientation selec- 
tivity decrease as a function of eccentricity. Although 
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detection of all spatial frequencies i better at the fovea 
than at periphery (Graham, 1981, 1989), there is a more 
rapid drop-off in sensitivity with increasing eccentricity 
for higher- than for lower-spatial frequencies (e.g. 
Pointer & Hess, 1989). Whereas at the fovea sensitivity 
is greater to high- than to low-spatial frequencies 
(Robson & Graham, 1981), there are more cells in 
peripheral regions which respond to low- than to high- 
spatial frequencies (DeValois et al., 1982a,b). The spatial 
frequency tuning of foveal channels i higher than that of 
peripheral ones (Davis et al., 1987; DeValois & 
DeValois, 1988; Graham, 1989), and cells tuned to high 
spatial frequencies are usually more narrowly tuned than 
those optimally tuned for low spatial frequencies 
(DeValois et al., 1982a). The CSFs are depressed in the 
periphery relative to more central visual-field positions, 
and peak sensitivity is shifted toward lower spatial 
frequencies (DeValois & DeValois, 1988; DeValois et 
al., 1982a; Rovamo, Virsu & N~is/inen, 1978). 
Likewise, orientation bandwidths broaden (DeValois 
et al., 1982b), and the threshold for orientation 
discrimination rises (M~ikel/i et al., 1993) with increasing 
visual field eccentricity. There are more cells tuned to 
vertical and horizontal than to oblique orientations in the 
foveal projection, but there exists an even balance in 
peripheral areas of macaque cortex (DeValois et al., 
1982a). Furthermore, orientation bandwidths are nar- 
rower for high- than low-spatial frequency tuned cells 
(Blake et al., 1985; Phillips & Wilson, 1984; Snowden, 
1992), and orientation selectivity ishigher for cells which 
respond to sustained adaptation than to transient stimuli 
(Olzak & Thomas, 1986). 
In Experiments 4-7, in order to relate the stimulus 
spatial properties to retinal eccentricity, we explored how 
the extent of the eccentricity effect was altered by the 
orientation and spatial frequency content of the stimuli as 
well as by their size. In addition, we investigated whether 
the eccentricity effect would be eliminated when either 
the size alone, both size and orientation, or both size and 
spatial frequency of the stimuli were magnified. 
EXPERIMENTS 1-3 
We explored the influence of target eccentricity on a 
feature search task of an orientation asymmetry under 
different viewing conditions which allowed for (Experi- 
ment 1) or precluded (Experiments 2 and 3) eye 
movements. Finding similarities or differences in the 
eccentricity effect between viewing conditions in which 
field and retinal eccentricities did (Experiments 2 and 3) 
or did not (Experiment 1) necessarily correspond, as 
well as among conditions in which the number of covert 
attentional shifts that could take place while the display 
was present were shortened (Experiments 1, 2 and 3), 
could provide us with clues as to the mechanisms 
underlying visual search tasks. Furthermore, given that 
the tilted target pops out from vertical distracters, either 
because the former is processed preattentively whereas 
the latter is processed attentively (Treisman & Gormi- 
can, 1988), or because the vertical background is more 
efficiently processed than the tilted background (Car- 
rasco & Frieder, 1997), we hypothesized that display 
duration and target eccentricity may affect search 
performance for the vertical more than for the tilted 
targets. 
Asymmetry studies have used a limited number and 
range of set sizes [e.g. three set sizes ranging from 1-12: 
Cavanagh et al. (1990); Enns & Rensink (1990b, 1991); 
Treisman & Gormican (1988); Treisman & Souther 
(1985)]. In this study we examined whether the 
orientation asymmetry would be present under the 
following conditions with nine set sizes ranging from 2 
to 36. Because testing more and a larger ange of set sizes 
would allow nonlinearities to emerge, the orientation 
feature asymmetries may not be constant for a larger 
range of set sizes. We also fitted different mathematical 
functions to the group data, and conducted stepwise 
regressions todetermine the predictive power of different 
variables for search performance. 
EXPERIMENT 1 
Method 
Observers 
Twenty-six Wesleyan University undergraduates par- 
ticipated in an hour long session, in partial fulfillment of 
an Introductory Psychology course requirement. All had 
normal or corrected-to-normal vision and were naive as 
to the purposes and method of the experiment. 
Apparatus and stimuli 
The stimuli were presented on a Macintosh IIx 
microcomputer with a high-resolution RGB color 
monitor. Each display consisted of 2, 4, 6, 8, 12, 18, 
24, 30 or 36 tilted (-45 deg from vertical, \) and vertical 
(I) red lines (palette No. 35; coordinates 0.625, 0.340 in 
standard CIE color space) presented against a black 
background. The display was present until observers 
responded. The items were scattered among 36 positions 
on a square grid composed of six rows and six columns. 
The overall dimensions of the display were 6cm 
(height) × 6 cm (width). Based on a viewing distance of 
57 cm, fixed by a chin rest, this subtended a 6 deg × 6 deg 
visual angle. Vertical stimuli subtended 0.5 deg 
(length) × 0.03 deg (width) of visual angle, and tilted 
stimuli subtended 0.45 (length) x 0.45 (width) of visual 
angle. All of the 36 positions in the grid were determined 
to be at either 0.7, 1.6, 2.1, 2.6, 2.9 or 3.5 deg of field 
eccentricity. Jitter (+0.05 of visual angle) was introduced 
so that the stimuli were not perfectly aligned in the 
display. 
Design 
Each of six experimental blocks consisted of 108 
randomized trials, for a total of 648 experimental 
observations per observer. Observers searched for a 
tilted line among vertical ines in half the blocks, and a 
vertical ine among tilted lines in the other half of the 
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experiment*. The positions occupied by the target and the 
distracters were chosen randomly. In each block, for each 
set size, the target did not appear in all possible locations, 
but because different observers were presented with 
different displays, each target appeared in all positions 
for each set size. 
Procedure 
Observers searched for a single orientation feature 
target which appeared at six target eccentricities among 
homogeneous distracters. Each observer was told that 
half of the displays would contain the target (a red tilted 
or a red vertical ine), and that the task was to press the 
"yes" for present or "no" for absent key on the computer 
keyboard, with the index or middle finger of their 
dominant hand; for a "yes" response, half of the observers 
used their index fingers and the rest of the observers used 
their middle fingers. Each observer had one practice 
block of 72 trials for each target type. Observers were 
instructed to respond as rapidly and as accurately as 
possible, since both speed and accuracy were to be 
recorded. Feedback consisting of a plus, minus or a circle 
(0.5 deg of visual angle) appeared at the center of the 
screen indicating acorrect response, incorrect response or 
a "time out" (2 sec), respectively, and served as the 
fixation point for the next trial. Observers were told to 
maintain their fixation on the center of the screen. 
Observers' error rate was displayed on the screen after 
each block. 
Results and discussion 
General analysis 
A within-subjects three-way ANOVA (orientation ×- 
target x set size) was performed on the correct RT and on 
the error data. All the main effects and interactions 
discussed were significant (P<0.05) ;  all pairwise 
comparisons are Newman-Keuls. The linear fit's inter- 
cepts of these functions show that the minimum RT was 
faster for tilted than for vertical targets and for present 
than for absent rials (Table 1), however, observers made 
more errors in the present han in the absent rials [Fig. 
l(a)]. Although this pattern of results has often been 
found for both feature and conjunction searches, some 
authors have analyzed the error rates (Enns & Rensink, 
*Because the visual search program used (VSearch TM, University of 
British Columbia) only allowed for three different set sizes to be 
displayed ina particular block of trials, there were three blocks for 
each target ype; one block for each target ype displayed the set 
sizes of 2, 8 and 24, another displayed 4, 12 and 30, and a third 
displayed 6, 18 and 36. The impossibility ofincluding all nine set 
sizes in the same block should not have affected the results. Pashler 
and Badgio (1985) have shown that their slope results do not 
depend upon whether smaller set sizes are used exclusively or in 
conjunction with larger set sizes. Data analysis from our lab 
(Kumar, 1994) indicates no effect of which set sizes are blocked 
together; for example, small (1-12) vs large (12-24) or intermixed 
over a range of 1-24. Furthermore, we have obtained similar 
nonlinear functions when all set sizes were intermixed in each 
block, regardless of whether stimuli were jittered (Carrasco & 
Frieder, 1997) or not (Carrasco et al., 1995). 
TABLE 1. Linear fit's intercepts (msec) and slopes (msec/item) for 
absent and present trials when searching for tilted and vertical targets 
Tilted Vertical 
Absent Present  Absent  Present 
Experiment 1 593 558 723 671 
0.25 0.50 2.24 0.94 
Experiment 2 560 529 688 663 
0.78 0.43 0.72 0.58 
Experiment 3 578 544 685 648 
0.59 0.49 1.32 0.29 
1990a,b; Humphreys et al., 1989; Klein & Farrell, 1989; 
Moraglia, 1989b; Pashler, 1987b; Wolfe et al., 1989), 
whereas others have just mentioned them (e.g. Cavanagh 
et al., 1990; Egeth et al., 1984; Jonides & Yantis, 1988; 
Moraglia, 1989a; Pashler, 1987a, Treisman, 1982, 1991; 
Treisman & Gormican, 1988; Treisman & Sato, 1990). In 
the present experiments, there was no trade-off between 
set size and error rates; in general, errors increased as RT 
increased, indicating that observers were not simply 
trading speed for accuracy (Enns & Rensink, 1990a,b). 
This is a common finding, considered to be the opposite 
of a speed-accuracy trade-off (Wolfe, 1994), that has not 
precluded analysis of slopes (Duncan & Humphreys, 
1989; Enns & Rensink, 1990a,b; Treisman, 1991; Wolfe, 
1994). 
This experiment showed a feature orientation asym- 
metry with a larger range of and more set sizes than 
previously used: the tilted target was detected faster and 
more accurately than the vertical target. RTs and errors 
varied as a function of set size. 
Slope analysis 
The search slopes were close to zero (Table 1), 
indicating that both tilted and vertical targets were 
searched in a parallel fashion (e.g. Treisman & Sato, 
1990; Treisman & Gormican, 1988). Forward stepwise 
regression models were conducted which included only 
variables and interactions that had a significant degree 
(P < 0.05) of explanatory value for the model. The 
dependent variable was RT. The main independent 
variable was set size, and target (abs = 0, pres = 1) and 
orientation (flit= 0, vert= 1) were assigned as dummy 
variables. The logarithmic function had the best fit: 
RT = 610 + 55 (log set size × or) - 20 (log set size × 
target), R 2 = 0.82, adjusted R 2 = 0.81, P < 0.001. The 
tilted target RTs did not linearly increase for the larger set 
sizes, and for the vertical targets RT accelerated more for 
small than for large set sizes. This RT decrement for the 
largest set sizes was also present for the tilted absent 
function. 
Target eccentricity 
Given that observers may have moved their eyes while 
the display was present, field and retinal eccentricities did 
not necessarily correspond. To test whether target 
location within the display influenced performance, 
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FIGURE 1. Observers' mean correct RTs (in msec) and error ates (%) for present and absent trials as a function of set size for 
tilted and vertical targets, for the free (Experirnent 1), fixed (Experiment 2), and fast-fixed (Experiment 3) viewing conditions. 
within-subjects three-way ANOVAs (eccentricity x or- 
ientation x set size) were performed. Observers' RT and 
error rate increased with increasing target eccentricity 
[Fig. 2(a)]. In accordance with our hypothesis, this 
eccentricity effect was more pronounced for the vertical 
than for the tilted targets. 
A stepwise regression was performed on the present 
trials. The three fits were equally good; set size did not 
emerge as a significant predictor. When eccentricity was 
not considered as a predictor: RT=566+ 123(or); 
R 2 = 0•56, adjusted R 2 = 0.55, P < 0.001. Considering 
eccentricity as a predictor markedly improved the 
adjusted R 2 as well as the F values of this function: 
RT = 546 + 10 (ec) + 53 (ec x or); R 2 = 0•77, adjusted 
R 2 = 0.76, P < 0.001. The predictive power of the 
interaction reiterates that the eccentricity effect was 
more pronounced for the vertical than for the tilted 
targets. 
Simple effects for eccentricity x set size indicated that 
RT increased as a function of set size in a more 
pronounced way as eccentricity increased• The cost of 
increasing set size, i.e. the difference in RT between set 
sizes 2 and 36, was greater for the most peripheral than 
for the most central target eccentricity (Fig. 3). This 
interaction supports the idea that the eccentricity effect 
inflates the set size effect (Carrasco et al., 1995). 
Because the display was present until the observer 
responded, it is likely that eye movements took place, 
particularly for the large set sizes (Pashler, 1987a; 
Zelinsky et al., 1993). If field and retinal eccentricities 
did not correspond, the eccentricity effect observed here 
could be due to eye movements, covert attentional shifts, 
or spatial resolution. To disentangle these possibilities, in 
Experiment 2 we shortened isplay duration to prevent 
eye movements while the display was present• 
EXPERIMENT 2 
Twenty-six observers from the same pool participated 
in this experiment. The method was the same as in 
Experiment 1, except hat display duration was limited 
to 104 msec. It is generally agreed that ca 150-250 msec 
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are needed for saccades to occur (e.g. Mayfrank et al., 
1987). 
General analysis 
The linear RT intercepts were faster for present han 
for absent trials and for tilted than for vertical targets 
(Table 1). RTs varied as a function of set size, more for 
vertical than tilted and for absent than present rials. 
Errors increased as a function of set size, more for present 
than absent rials. Observers were faster for present han 
for absent rials, and accuracy did not differ. 
Even under fast viewing conditions, the tilted target 
was detected faster and more accurately than the vertical 
target for a large range of set sizes [Fig. l(b)]. These 
results further support he existence of feature orientation 
asymmetries (e.g. Cavanagh et al., 1990; Treisman & 
Gormican, 1988). 
Slope analysis 
The search slopes were close to zero (Table 1), 
indicating that both tilted and vertical targets were 
searched in a parallel fashion (e.g. Treisman & Sato, 
1990; Treisman & Gormican, 1988). RT increased 
rapidly at the lower set sizes and either approached an 
asymptote or decreased at the large set sizes [Fig. 1 (b)]. 
Indeed, according to forward stepwise regression models, 
the quadratic function had the best fit: RT -- 541 + 5(set 
size) + 106(or) - 37(target) - 0.11(set size × set size), 
R 2 = 0.94, adjusted R2 = 0.93, P < 0.001. 
Target eccentricity 
RTs and errors increased with increasing eccentricity 
[Fig. 2(b)]. This eccentricity effect was stronger for the 
vertical than for the tilted targets. Eccentricity x set size 
interacted for the vertical but not for the tilted targets; the 
set size effect was more pronounced for vertical targets at 
peripheral than at central eccentricities (Fig. 3). A 
stepwise regression was performed on the present rials: 
RT= 536+ ll0(or); R 2 =0.68, adjusted R 2 =0.68, 
P < 0.001. The adjusted R 2 as well as the F values 
improved when eccentricity was considered as a predictor: 
RT = 506 + 66(or) + 13(ec) + 19(ec × or); R 2 = 0.80, ad- 
justed R 2 = 0.79, P < 0.001. 
The eccentricity effect found when field and retinal 
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eccentricities corresponded suggests that this effect may 
be due not to eye movements, but rather it may be the 
result of spatial resolution or covert attentional shifts. 
Although most estimates of regular saccadic eye move- 
ments are well above 100 msec, some studies estimate 
that humans' express accades may take as little as 100- 
140 msec (e.g. Fischer & Ramsperger, 1984; Fischer & 
Weber, 1993). To definitively rule out the possibility of 
eye movements, the display duration of Experiment 3 was 
further shortened to 62 msec. In addition, given that 
covert attentional shifts can be as short as 50 msec 
(Bergen & Julesz, 1983; Saarinen & Julesz, 1991; Sagi & 
Julesz, 1987), this display duration would allow for fewer 
covert attentional shifts to take place while the display 
was present than in Experiment 2. Accordingly, the extent 
of the eccentricity effect should vary, because it is less 
likely that the "spotlight" would move (e.g. Posner et al., 
1980; Treisman & Gelade, 1980); or the "zoom lens" (e.g. 
Eriksen, 1990; Eriksen & St. James, 1986) would adjust. 
EXPERIMENT 3 
Twenty-six observers from the same pool participated 
in this experiment. The method was the same as in 
Experiment 2, except hat display duration was shortened 
to 62 msec. 
General analysis 
The linear RT intercepts were faster for present han 
for absent rials and for tilted than for vertical targets 
(Table 1). The pattern of results was very similar to that 
of the previous experiments ( ee below). The tilted target 
was detected faster and more accurately than the vertical 
target, for a large range of set sizes [Fig. l(c)]. Even 
under this very short display duration the tilted target 
popped out of the displays. Observers were faster for 
present han for absent rials and accuracy did not differ 
significantly. RTs and errors varied as a function of set 
size. Set size interacted with target because whereas 
absent RT increased and then decreased to the point that 
set size 36 differed from the larger but not from the 
smaller set sizes, present RTs were practically fiat. 
Slope analysis 
The search slopes were close to zero (Table 1), 
indicating that both tilted and vertical targets were 
searched in a parallel fashion (e.g. Treisman & Sato, 
1990; Treisman & Gormican, 1988). RT was more likely 
to increase quickly at the lower set sizes and either to 
decrease at the larger set sizes or to approach an 
asymptote, except for the function for tilted present 
which was almost fiat [Fig. l(c)]. RT for absent argets 
decreased at the largest set sizes and the error rates did 
not increase. Correspondingly, the quadratic function had 
the best fit of the forward stepwise regression models: 
RT = 562 + 4(set size) + 110(or) - 45(target) - 0.10(set 
size x set size), R 2 = 0.93, adjusted R2 = 0.92, P < 0.001. 
Target eccentricity 
The display duration of this experiment was very brief 
so that, even by the strictest estimates (Fischer & 
Ramsperger, 1984; Fischer & Weber, 1993), no saccadic 
eye movement could take place while the display was 
present. Targets farther away from fixation were detected 
slower and less accurately than those close to fixation. 
This eccentricity effect was more pronounced for the 
vertical than for the tilted targets. As in the previous 
experiments, eccentricity also interacted with set size; the 
cost of increasing set size was more pronounced for the 
most peripheral than the most central target eccentricities 
(Fig. 3). 
Stepwise regressions when eccentricity was not 
considered as a predictor, RT = 550 + 110(or); both R 2 
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and adjusted R 2 = 0.71, P < 0.001, were improved when 
eccentricity was considered as a predictor, RT = 508 + 
77(or) + 19(ec) + 14(ec x or); both R 2 and adjusted 
R 2 = 0.85, P < 0.001. The eccentricity × orientation pre- 
dictor indicates, again, that the eccentricity effect was 
more pronounced for the vertical than for the tilted 
targets. 
COMPARISON OF EXPERIMENTS 1, 2 AND 3 
To assess the effects of display duration on search 
performance in general, and on orientation asymmetry 
and eccentricity effects in particular, we compared the 
results of the three experiments. 
General analyses 
Mixed factorial ANOVAs (one between-subjects: 
display duration × three within-subjects: orientation ×
target × set size) indicated that for correct RT, display 
duration was not significant, but main effects were 
significant for all within-subject variables. Only the 
significant interactions including the duration factor are 
reported here; the other interactions have been addressed 
previously. Whenever there were differences among 
experiments, they occurred between the free and both 
fixed viewing conditions. The RT three-way interactions 
of duration × orientation ×set size, and duration × orien- 
tation x target were significant. The orientation ×set size 
interaction emerged for the free viewing condition 
because the asymmetry increased as set size increased 
[except for the largest set size; Fig. l(a)]; there was a 
similar, but not significant, pattern for the fixed viewing 
conditions [Fig. l(b and c)]. Orientation ×target inter- 
acted because the difference between absent and present 
was greater for the vertical than for the tilted target for the 
free [Fig. l(a)] but not for the fixed [Fig. l(b and c)] 
viewing conditions. The larger range of RTs for the free 
than for the fixed viewing conditions resulted in a 
duration × set size interaction. 
There were fewer errors for the free (x = 2.9%) than for 
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the fixed (x = 7.2%) and fast-fixed (x = 5.6%) viewing 
conditions. The error rate interaction of duration x or- 
ientation ×set size was due to the fact that orientation x 
set size interacted in the fast-fixed condition, marginally 
so in the fixed condition, but did not interact in the free 
condition. Shortening the display duration increased 
errors, more so for the vertical than for the tilted target, 
especially for the larger set sizes. The interactions of 
duration × set size and of duration × orientation were 
significant. The effect of set size was more pronounced 
for the fast-fixed than for the fixed, which in turn was 
more pronounced than for the free viewing conditions, 
especially so for the vertical targets. Orientation was 
more pronounced for the fast-fixed and the fixed than for 
the free viewing conditions; performance varied more 
among viewing conditions for vertical than for tilted 
targets. 
Target eccentricity 
Mixed factorial ANOVAs (one between-subjects: 
duration × within-subjects: orientation x eccentricity x 
set size) revealed a main effect of eccentricity. The RT 
interaction of duration × eccentricity x orientation illus- 
trates a decreasing interaction of eccentricity x orienta- 
tion with shortened uration. Whereas the tilted target 
was relatively resilient against eccentricity, the eccen- 
tricity effect for the vertical target was more pronounced 
for the free than for the fixed viewing conditions (Fig. 2). 
Likewise, duration x orientation interacted because the 
orientation effect became more pronounced as duration 
was shortened. In addition, the RT (P < 0.001) and errors 
(P < 0.01) per target eccentricity correlated for all three 
viewing conditions: Experiments 1 and 2, 1 and 3 and 2 
and 3. Finally, the RTs and errors per position for each of 
the three experiments also correlated (P < 0.01). Thus, 
the eccentricity effect was highly similar for all viewing 
conditions. 
Visual field analysis 
Some research as shown that targets are processed 
more accurately when they appear in the right than in the 
left visual field (Efron et al., 1987, 1990a,b,c; Yund et al., 
1990a,b,c; but see Ostrovsky-Solis etal., 1991), and that 
the upper and lower visual fields are functionally 
specialized for far and near vision, respectively, so that 
stimuli are processed faster in the lower than in the upper 
visual field (Previc, 1990). Here we analyzed whether the 
target eccentricity in a feature search task reflected any 
visual field asymmetries. All three experiments showed 
no significant difference in either RT or error rate in 
terms of the visual field where the target appeared, both 
between the right and the left visual fields and between 
the upper and the lower visual fields (Fig. 4). Further- 
more, visual field x target eccentricity did not interact for 
any experiment. This result is in agreement with the lack 
of visual field differences found for color x orientation 
conjunctions (Carrasco et al., 1995; Carrasco & Frieder, 
1997). 
GENERAL DISCUSSION: EXPERIMENTS 1-3 
Display duration 
The RTs were similar for the three viewing conditions, 
although they were marginally slower for the free 
(Experiment 1) than for the fixed (Experiments 2 and 3) 
viewing conditions, and the range of RTs was greater for 
the former than for the latter. Reduced information may 
have been extracted from brief display durations and 
observers may have opted to respond faster (Klein & 
Farrell, 1989). Search performance was somewhat 
hampered in the fixed viewing conditions: the error rate 
for the vertical targets was higher for the fixed than for 
the free viewing conditions, but search for the tilted 
targets was hardly affected by viewing condition. Even in 
the fast-fixed viewing condition, when eye movements 
were prevented by the strictest estimates and the covert 
attentional shifts that could take place while the display 
was present were limited, observers processed a wide 
range of set sizes: the error rates for the fixed viewing 
conditions were comparable to those obtained in similar 
tasks under free viewing conditions (e.g. Enns & 
Rensink, 1990a; Klein & Farrell, 1989; Treisman, 
1982); they did not increase to the extent observed by 
Treisman & Gormican (1988), and anticipated by Klein 
& Farrell (1989). Furthermore, the errors were not 
random; they increased at farther eccentricities. In the 
present study, using brief display durations was an 
effective way to investigate he effects of precluding eye 
movements and target eccentricity on search perfor- 
mance. 
Orientation asymmetry 
The orientation asymmetry was found for the three 
viewing conditions: a 45 deg tilted target among vertical 
distracters was detected faster and more accurately than 
the vertical target among tilted distracters. An orientation 
asymmetry had been found for free viewing conditions 
using few and a limited range of set sizes and tilted lines 
slightly deviating from verticality (e.g. Cavanagh et al., 
1990; Treisman & Gormican, 1988). 
In line with the idea that rather than finding the unique 
element in a display, observers may perform a detection 
task by noticing a discontinuity or an irregularity in the 
display (e.g. Sagi & Julesz, 1987), we have proposed that 
orientation asymmetries may be due to a more efficient 
processing of the background of vertical than of tilted 
lines (Carrasco & Frieder, 1997). This finding can be 
explained in terms of a signal-to-noise ratio. The visual 
system is able to efficiently filter out the (many) vertical 
distracters and detect he (single) tilted target faster and 
more accurately than it can filter out tilted distracters to 
detect a vertical target, given that: there is a general 
superiority in the visibility of vertical and horizontal lines 
[the "oblique ffect", Appelle (1972)]; more neurons are 
tuned to detect vertical or horizontal lines than to detect 
oblique lines (Mansfield, 1974); the thresholds for 
vertical gratings are lower than for oblique gratings 
(Campbell et al., 1966); and there are larger bandwidths 
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for oblique than for vertical orientations (Campbell & 
Kulikowski, 1966; Heeley et al., 1993). 
For speed there was no interaction between the degree 
of the asymmetry and display duration, for errors, 
however, the asymmetry was less pronounced for the 
free than for the fixed viewing conditions. Observers' 
error rates increased more for the vertical than for the 
tilted target when display duration was limited, especially 
in the fast-fixed viewing condition. Given the existence 
of the oblique effect and the more pronounced eccen- 
tricity effect for the vertical than for the tilted target, this 
finding supports the idea that the vertical is processed 
more efficiently than the tilted background. 
We do not base our conclusion of an orientation 
asymmetry on the premise that there is a parallel search 
for the tilted target and a serial search for the vertical 
target. All the searches were conducted in parallel, their 
slopes were< 10msec/item (e.g. Enns & Rensink, 
1990a,b; Treisman & Gormican, 1988). This cut-off 
criterion, however, overlooks nonlinearities that emerged 
in the search functions. Note that linear functions may 
have appeared to be good candidates if few set sizes had 
been tested. For set sizes 2, 6 and 12 the vertical target 
appeared to follow a linear, serial search pattern [Fig. 
l(a)]. However, even for these three set sizes, the 
logarithmic fit was significant (R = 0.996, R2= 0.991, 
P < 0.05) but the linear was not (R = 0.907, R2= 0.813, 
P > 0.1). For the logarithmic fit, depending on the number 
and range of the set sizes tested, diverse absent and present 
slopes would be found. This challenges inferring the role 
of covert attention from either the 2:1 absent/present ra io 
or the 10 msec cut-off point (e.g. Cavanagh et al., 1990; 
Enns & Rensink, 1990a,b; Treisman, 1982, 1991; Treis- 
man & Gormican, 1988; Treisman & Sato, 1990). 
The RTs for the present and absent vertical targets, as 
well as for the absent ilted trials, accelerated for the 
small set sizes and then either approached an asymptote 
or decreased for the largest set sizes. The RTs for the 
present tilted targets were practically fiat (Fig. 1). These 
search patterns resemble those of feature searches of line 
segments and squares (Bacon & Egeth, 1991) and of 
orientation x color conjunction searches (Carrasco et al., 
1995; Wolfe et al., 1989). These results may be due to 
distracters grouping and display density (Sagi & Julesz, 
1987; Verghese & Nakayama, 1994): the larger the set 
size, the more crowded the display and the more 
opportunity there is for distracter grouping. Distractors 
tend to group perceptually in terms of their degree of 
similarity and proximity (Duncan & Humphreys, 1989), 
and adding distracters to a display increases their 
perceived grouping (Banks & Prinzmetal, 1976). In fact, 
when all the positions in the display are full, that is set 
size 36, the display's regular appearance may facilitate 
search (Humphreys et al., 1989), and the task may 
resemble a texture detection task, that is, observers may 
detect a discontinuity in an homogeneous field. 
Target eccentricity 
In all three experiments RT and errors increased as a 
function of target eccentricity (Fig. 2), and when 
eccentricity was considered a predictor in the stepwise 
regressions, both the F value and the adjusted R 2 
increased. Furthermore, in these experiments he effect 
of set size was more pronounced as eccentricity increased 
(Fig. 3), especially for the vertical targets (Table 1). This 
agrees with the finding of a more pronounced set size 
effect for conjunction targets located at farther eccentri- 
cities (Carrasco et al., 1995; Carrasco & Frieder, 1997; 
Humphreys etal., 1989). The main effect of eccentricity as
well as its interaction with set size would only increase if
the search displays contained farther target eccentricities. 
We argued in that the confound of eccentricity and set 
size is derived from the fact that the probability of the 
items appearing at peripheral location of the display 
increases as set size increases. This situation is 
compounded by the facts that acuity is greater at the 
fovea than at the periphery, and lateral masking affects 
target detection in a more pronounced way as target 
eccentricity increases (Breitmeyer, 1984). In addition, 
according to the feature perturbation model (e.g. Estes & 
Wolford, 1971; Wolford, 1975; Wolford & Shum, 1980), 
not only is this retinal gradient steeper if the stimulus is 
surrounded by other items than if it appears alone, but 
lateral interference is also more pronounced in the 
periphery than in the fovea. As a result, the probability 
of having neighboring distracters processed by the same 
or neighboring receptive fields, and consequently the 
possibility of lateral inhibition and lateral masking 
increase at greater eccentricities. Therefore, the more 
stimuli that appear at peripheral regions of the display, 
the more pronounced the set size effect would be. 
The findings that the eccentricity effect and the 
interaction of target eccentricity and set size were highly 
similar for all three viewing conditions uggest hat a 
similar search pattern or mechanism was used for all of 
them. Because the possibility of eye movements was 
ruled out in Experiments 2 and 3, it can be concluded that 
the eccentricity effect was not the consequence of eye 
movements. Therefore, either attention is somehow 
involved even in the simplest feature searches and the 
pattern of covert attentional shifts may be manifested in
the eccentricity effect, or spatial resolution may suffice to 
explain the eccentricity effect. 
We conclude, however, that covert attention does not 
appear to be responsible for the eccentricity effect 
because its extent did not differ between the fixed and 
fast-fixed conditions, despite the fact that the number of 
covert attentional shifts was reduced in the latter. Even if 
an iconic representation utlasts the display duration, 
covert attentional shifts would be more limited by the 
degraded quality of a decaying icon than by a 
continuously visible display. To address the possibility 
that the eccentricity effect may result from a readout of 
the iconic representation*, we conducted two experi- 
ments that were otherwise identical to Experiments 2 and 
3, but with lowered contrast between stimuli and 
background toaffect he quality of the iconic representa- 
*This possibility was suggested tous by Jeremy Wolfe. 
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TABLE 2. Proportion of variance accounted by linear, logarithmic and quadratic functions for the absent and present trials of tilted and vertical 
targets 
Tilted Vertical 
Lin Log Quad Lin Log Quad 
Experiment 1 
Absent 
R 2 0.012 0.076 0.603 0.183 0.436 0.968 
Adjusted R 2 0.000 0.000 0.365 0.066 0.354 0.949 
P NS NS NS NS < 0.05 < 0.001 
Present 
R 2 0.080 0.071 0.369 0.133 0.419 0.593 
Adjusted R 2 0.000 0.000 0.000 0.009 0.334 0.349 
P NS NS NS NS < 0.05 NS 
Experiment 2 
Absent 
R 2 0.202 0.445 0.736 0.092 0.294 0.810 
Adjusted R 2 0.088 0.366 0.577 0.000 0.193 0.696 
P NS < 0.05 < 0.07 NS NS < 0.05 
Present 
R 2 0.399 0.435 0.562 0.116 0.364 0.491 
Adjusted R 2 0.313 0.354 0.299 0.000 0.273 0.185 
P < 0.07 < 0.05 NS NS < 0.08 NS 
Experiment 3 
Absent 
R 2 0.115 0.265 0.813 0.240 0.484 0.930 
Adjusted R2 0.000 0.160 0.701 0.132 0.410 0.888 
P NS NS < 0.05 NS < 0.05 < 0.005 
Present 
R 2 0.330 0.135 0.465 0.060 0.134 0.234 
Adjusted R 2 0.234 0.012 0.144 0.000 0.010 0.000 
P NS NS NS NS NS NS 
All quadratic functions were convex denoting positive acceleration (RTs increase before decreasing) except for the tilted present condition in 
Experiment 3,where the quadratic function was concave. 
tion. If  covert attentional shifts were responsible for the 
eccentricity effect, its extent should differ when the 
quality of the iconic representation was degraded ue to 
the "inverse intensity effect" (Coltheart, 1980). Twenty 
six observers earched for a feature target when the red 
target and distracters were set at 50% of maximum 
luminance against a black background. However, the 
eccentricity effect was highly similar both in shape and 
size to the ones reported in this article (Carrasco et al., 
1993). These results suggest that, at least for these 
conditions, the quality of the iconic representation did not 
affect he extent of the eccentricity effect. The strong and 
consistent eccentricity effect could most likely be 
explained by a physiological constraint of the eye 
resulting in faster and more accurate processing at the 
fovea than at peripheral eccentricities. The similarity of 
the eccentricity effect between feature and conjunction 
searches (Carrasco et al., 1995) strengthens our claim 
that spatial resolution plays a major role in this effect. 
The more pronounced eccentricity effect for the vertical 
than for the tilted target could also be accounted for by the 
spatial resolution explanation. Observers were processing 
the vertical homogeneous field in a more expeditious way 
than the tilted homogeneous field, and consequently, the 
popping-out of the tilted target was less affected by the 
spatial resolution of the retinal eccentricity that detected 
the target. This conclusion is also substantiated by the 
present finding that display duration affected the proces- 
sing of the vertical more than the tilted target. 
In sum, the persistent and pronounced eccentricity 
effect found in these experiments could largely be 
accounted for by physiological characteristics of the 
human eye. Target processing is inherently better at the 
fovea than at peripheral eccentricities; at greater etinal 
eccentricities spatial resolution declines (e.g. DeValois & 
DeValois, 1988) and lateral inhibition and lateral 
masking augment (Breitmeyer, 1984). These factors 
constrain the possibility of pure parallel processing; that 
is, not all the items in the display can be processed with 
the same degree of efficiency. It is likely that a process 
akin to a "horse-race model" took place; although all the 
elements in the display were processed simultaneously, 
those near the canter of the display were detected faster 
and more efficiently because they were processed by 
retinal areas with superior spatial resolution (Table 2). 
EXPERIMENTS 4-7 
Given that Experiments 1-3 support he idea that the 
eccentricity and the set size effects found in visual search 
may be explained, at least partially, by spatial resolution 
factors, we decided to further explore how structural 
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variations across different retinal eccentricities affect 
search performance. In the following experiments, we 
explored whether the extent of the eccentricity effect was 
altered by either any or the combination of stimulus ize, 
orientation and spatial frequency content of the target and 
distracters. We equated field and retinal eccentricities by 
utilizing a short display duration. The similarities in 
search performance and in the eccentricity effect under 
free- and fixed- viewing conditions for feature (Experi- 
ments 1-3) and conjunction (Carrasco et al., 1995) 
searches support he validity of the results using a fixed 
viewing condition. We expected orientation and spatial 
frequency search asymmetries to be present as assessed 
by both overall performance and target eccentricity. 
Furthermore, to determine whether the quantitative 
differences in processing orientation and spatial fre- 
quency between central and peripheral regions of the 
retina are responsible for the eccentricity effect, we 
investigated whether this effect would be eliminated 
when either the size alone (Experiments 4 and 5), both 
size and orientation (Experiment 4) or both size and 
spatial frequency (Experiment 5) of the stimuli were 
magnified. Additionally, Experiments 6 and 7 were 
conducted to rule out the possibility that results obtained 
for the magnified stimuli could be explained merely by 
the fact that these stimuli were larger than in the standard 
size condition. 
Although we have eliminated the eccentricity effect in 
orientation feature and conjunction searches by magnify- 
ing stimulus ize according to the M-factor (Carrasco & 
Frieder, 1997), given that magnifying the size altered the 
spatial frequency content of the stimuli, we cannot 
unequivocally attribute the elimination of the eccentricity 
effect o size alone. Moreover, to explore how general- 
izable our findings were, in contrast to that study in which 
we used aperiodic bars, in the following experiments we 
used periodic sinusoidal gratings to investigate he effects 
of the spatial properties of the stimulus on search 
performance. We used suprathreshold* sinusoidal grat- 
ings embedded in a Gaussian envelope (Gabor patches) 
and we scaled according to Virsu and Rovamo's (1979) 
M factort. 
constant at a low frequency:~. We measured performance 
for detecting vertical and tilted low spatial frequency 
gratings at different regions in the visual field in three 
conditions: standard, size magnified (SM), and size and 
orientation magnified (SOM). We hypothesized that: an 
orientation asymmetry would emerge in the standard 
condition; SM would improve detection and eliminate the 
eccentricity effect; and SOM would further aid detection. 
Method 
Observers 
A group of 21 students from Wesleyan University were 
paid $15 to participate inthree 1-hr experimental sessions 
on separate days. 
Apparatus 
Stimuli were presented on a RGB 21" diagonal color 
monitor controlled by a Macintosh Quadra 840AV 
microcomputer using VScope TM. 
Stimuli 
Observers at 57 cm away from the display, which 
subtended a 24 deg x 24 deg visual angle. All displays 
consisted of 2, 7, 12, 17, 22, 27 or 32 circular patches 
composed of 2 c/deg sinusoidal gratings embedded in a 
Gaussian envelope (gabor patches) presented against a 
gray background. The gratings' Michelson contrast, 
(Lmax-Lmi~)/(Lmax+Lmi~), was 0.5. The background 
brightness was set to the mean luminance of the gratings 
(50% maximum monitor brightness). The stimuli 
appeared randomly in 36 positions of a six rows x six 
columns square grid, with the constraint that the same 
number of stimuli appeared in each of the four quadrants 
of the display. The stimuli were presented cantered at 2.8, 
6.3, 8.5, 10.1, 11.6 and 13.9 deg away from the central 
fixation point. Jitter (4-0.05 of visual angle) was 
introduced so that the stimuli were not perfectly aligned 
in the display. The target which appeared on half the 
trials, differed from the distracters only by its orientation, 
vertical or tilted. 
EXPERIMENT 4: STANDARD AND MAGNIFIED 
ORIENTATION STIMULI 
This experiment examined how the orientation content 
of the stimuli and its interaction with retinal eccentricity 
affect search performance. Orientation discrimination is 
known to decrease with increasing eccentricity (e.g. 
M~ikel~i et al., 1993; Matin et al., 1987; Paradiso & 
Carney, 1988). Physiological nd psychophysical studies 
indicate joint encoding of orientation and spatial 
frequency (Campbell et al., 1969; DeValois et al., 
1982a; Moraglia, 1989a; Sagi, 1988). Given that high 
spatial frequencies drop off sharply outside of the central 
region of the visual field whereas low frequencies are more 
evenly dispersed throughout the visual field (DeValois & 
DeValois, 1988; Graham, 1981, 1989; Hess & Hayes, 
1994), we varied orientation and held spatial frequency 
*The contrast necessary to detect a2 and 10 c/deg gratings at threshold 
are very similar (DeValois et al., 1974), and at suprathreshold 
levels, the shape of the CSF has been found to be either maintained 
(e.g. Cannon, 1979) or almost flat rather than bowed at high and 
low spatial frequencies (e.g. Georgeson & Sullivan, 1975). 
tElectrophysiological (Drasdo, 1977, 1989; Drasdo et al., 1987) and 
anatomical (Azzopardi & Cowey, 1993) techniques that labeled or 
recorded from actual cortical neurons, have estimated the cortical 
representation f the parafovea tobe three- to four-fold greater than 
psychophysical estimations based on ganglion cell density (Virsu 
& Rovamo, 1979). Nonetheless, we used the M-factor because: it is 
based on psychophysical estimations for spatial frequency tasks; 
and physiological estimations place this M-factor midway between 
the parvo and magno representations (Schein & DeMonasterio, 
1987) whereas the Drasdo gradient closely resembles that 
calculated for the parvo projections alone. 
:Hf spatial frequency and orientation were not conjoined, gratings of 
high spatial frequencies would have been more appropriate because 
orientation tuning is finer for higher than for lower spatial 
frequencies (DeValois et al., 1982a,b). 
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Each display was presented for 106 msec to preclude 
eye movements while the display was present, so that 
display eccentricity would correspond to retinal eccen- 
tricity. There were three conditions: 
1. Standard condition served as an index of the 
quantitative differences attributable to the physiol- 
ogy of the visual system. The stimuli were 0.5 cm in 
diameter, and the tilted stimuli were rotated 25 deg 
clockwise. 
2. SM condition was designed so that the representa- 
tion of each stimulus size was constant at the 
cortical evel [Fig. 5(a)]. This condition consisted of 
M-scaled vertical and tilted patches rotated 25 deg. 
tilted M values were obtained by averaging the 
following equations of Virsu & Rovamo (1979): M 
superior visual field = (1 + 0.42E+ 0.00012 E3) -1 
M0; M inferior visual field = (1 + 0.42E + 0.000055 
E3) -1 M0; where E is degree of retinal eccentricity, 
M0 is the magnification value (7.99 mm/deg) for the 
most central fovea. The enlargement was based on 
the standard stimulus size (0.5 cm diameter) pre- 
sented at central vision. The resulting stimulus 
diameters were 1.1, 1.8, 2.3, 2.7, 3.0 and 3.6 cm at 
2.8, 6.3, 8.5, 10.1, 11.6 and 13.9 deg of eccentricity. 
Since spatial frequency was kept constant at the 
retinal level, scaling stimulus size increased the 
number of cycles/patch. At 2 c/deg, the resultant 
increment in sensitivity is identical for vertical and 
oblique gratings (Quinn & Lehmkuhle, 1983). 
Because stimulus length is inversely related to the 
orientation detection threshold (e.g. Matin et al., 
1987; Nothdurft, 1985), simply scaling the gratings' 
length may improve detection of oriented targets at 
farther eccentricities [M/ikel~i et al. (1993); Paradiso 
& Carney (1988); but see Spinelli et al., (1984); 
Vandebussche et al., (1986)]. 
3. SOM condition was designed to evoke a cortical 
representation with a constant stimulus size and a 
constant orientation difference between the target 
and distracters for all field eccentricities [Fig. 5(b)]. 
The stimulus diameters were the same as in the SM 
condition. The orientation was magnified accord- 
ing to the orientation threshold function (M~ikel/i 
et al., 1993): TH = 0.257 deg [1 + 14.5'L-1(1 + El 
1.95 deg)] 2, where TH refers to the orientation 
threshold, L -1 is the inverse for the line length in 
min arc, and E is the eccentricity in degrees of visual 
angle. Orientation magnification was based on and 
added to the standard 25 deg of tilt at central vision. 
The resulting orientations for tilted items were 25.7, 
27.1, 29.1, 31.5, 34.3 and 41.4 deg from vertical for 
2.8, 6.3, 8.5, 10.1, 11.6 and 13.9 deg eccentricity, 
respectively. 
Design 
Each blocked condition consisted of vertical or tilted 
low spatial frequency targets among tilted or vertical low 
spatial frequency distracters. The target appeared on half 
of the trials, in each of the 36 positions for each of the 
seven set sizes. The distracters were distributed equally 
among the four quadrants. Each observer performed 3024 
experimental trials; six blocks of 84 randomized 
trials x three magnification conditions x two targets (pre- 
sent/absent). Observers were given 108 practice trials for 
each magnification x target combination. The order of 
presentation of the magnified conditions, as well as the 
order of the targets within conditions, were counter- 
balanced across observers. 
Results and discussion 
General analysis 
According to a within observers' four-way ANOVA 
(magnification x orientation x target presence x set size), 
search performance was both faster and more accurate in 
the magnified than in the standard conditions, but there 
was no significant difference between the two magnified 
conditions (Fig. 6). This lack of difference suggests that 
magnifying line length was sufficient to maximize 
performance because orientation discrimination im- 
proves with stimulus size (e.g. M/ikel/i et al., 1993; 
Paradiso & Carney, 1988). Additionally, the categorical 
status of the tilted distracters (Wolfe et al., 1992) may 
have allowed observers to group the tilted distracters. 
RTs were faster for present han absent rials. In the 
standard condition, RT increased as a function of set size 
for present targets but decreased for absent targets. Errors 
increased as a function of set size for all but the vertical 
absent targets, where errors decreased as set size 
increased. In the magnified conditions, the errors 
increased as a function of set size only for the vertical 
present argets. Magnification enhanced the difference 
between the present and absent targets by aiding the 
present more than the absent argets. 
An orientation asymmetry favoring tilted targets in 
terms of both speed and accuracy was seen in all 
conditions. The RT interaction of magnification × orien- 
tation illustrates that the benefits of magnification were a 
function of the stimulus content; magnification facilitated 
search for tilted more than for vertical targets. Magnified 
stimuli enhanced the filtering of the vertical distracters so 
that the tilted target was discerned even faster and more 
accurately. Similarly, although to a lesser extent, the 
magnified tilted distracters were filtered more efficiently 
allowing for faster and more accurate detection of the 
vertical target than in the standard condition. Alterna- 
tively, the improvement in performance could be 
explained solely by the effect of magnifying the tilted 
and vertical targets, respectively. Either possibility 
increased the signal-to-noise ratio with magnification*. 
*These results are not in line with results howing that size 
magnification aided the detection of a vertical more than of a 
tilted target (Carrasco & Frieder, 1997). In that study, the tilted 
target (45 deg) was easily detected and the room for improvement 
was smaller than for the vertical target; in this experiment, the 
25 deg tilted target was less salient and there was more room to 
improve detection ofboth tilted and vertical targets. 
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FIGURE 5. Examples of the displays used in Experiment 4: (a) a display with a tilted target among vertical distracters in the 
(SM) condition, and (b) a display with a vertical target among tilted distracters in the (SOM) condition. 
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tilted and vertical targets, for the standard, SM and SOM conditions of Experiment 4. 
According to conventional RT criteria, the three 
conditions were performed in a parallel fashion. The 
search slopes were < 10msec/item, and the absent/ 
present slope ratio was closer to 1:1 than to 2:1 (e.g. Enns 
& Rensink, 1990a,b; Treisman, 1991, 1993; Treisman & 
Gormican, 1988; Treisman & Sato, 1990). The error rate 
for present argets (misses) in the standard condition, 
however, suggests eriality. A linear regression model in 
which the dependent variable was RT and the main 
independent variable was set size was applied to the data. 
Target (pres = 0, abs = 1), orientation (vert = 0, tilted = 1), 
and magnification (standard =0, SM = 1, SOM = 2) were 
assigned as dummy variables. The forward stepwise 
regression: RT = 750 + 54(T) - 63(0) - 27(M) - 1(S*O) + 
l (S*T) -  35(M*O), in agreement with the ANOVA 
results, indicate that target, orientation, and magnification 
as well as the interaction of magnification and orientation 
were significant (P < 0.05) predictors of performance. 
Eccentricity analysis 
Linear regressions indicate that for both the standard 
tilted and vertical targets, eccentricity was a significant 
predictor (slope = 14 msec and 4% errors, and 10 msec 
and 3% errors/deg of eccentricity, respectively; 
P < 0.001). In contrast, for the magnified conditions 
eccentricity was no longer a significant predictor. The 
regressions for the magnified conditions fulfill the 
criterion for successful M-scaling; the data eccentricity 
dependent variance was reduced to the point that a single 
function, independent of eccentricity, satisfactorily 
described the data (Virsu et al., 1987). 
We expected an eccentricity effect in the standard 
condition because orientation thresholds are dependent 
on both retinal eccentricity and stimulus ize (Makel~i et 
al., 1993; Paradiso & Carney, 1988). Indeed, ANOVAs 
showed that for the standard stimuli performance 
decreased with each increase in target eccentricity (Fig. 
7). For these far eccentricities it was necessary to 
magnify the items' orientation for the eccentricity effect 
to disappear. Target eccentricity still negatively affected 
search at SM 12 and 14 deg, but this effect was eradicated 
for both SOM targets. These results suggest that 
performance differences between periphery and fovea 
could be explained in terms of quantitative differences 
across the visual field; when they are removed, so is the 
eccentricity effect. The periphery's handicap for the tilted 
target was eliminated because orientation scaling allowed 
a constant cortical orientation difference between the 
target and distracters for each target eccentricity, and size 
scaling improved the filtering of the vertical distracters. 
The periphery's disadvantage for the vertical target 
disappeared because orientation scaling aided the filter- 
ing of tilted distracters and the signal produced by the 
vertical target was strengthened by size scaling. 
In the standard condition, the difference between 
orientations was more pronounced at nearer than at 
farther eccentricities. For vertical targets, the greatest 
differences between succeeding eccentricities were at 
364 M. CARRASCO et al. 
STANDARD SIZE MAGNIFIED SIZE AND ORIENTATION MAGNIFIED 
850 
8OO 
750 
E-~ 700 
v 
650 
600 
55O 
5OO 
5O 
40 
tr 
20 
10 
a b 
d 
I I I I I I I I I I I I 
3 6 8 10 12 14 3 6 8 10 12 14 
ECCENTRICITY 
c I t i l ted  
1 o 
o 
I I ! I I ! 
3 6 8 10 12 14 
FIGURE 7. Observers' mean correct RTs (in msec) and error rates (%) for tilted and vertical targets on present rials as a 
function of eccentricity for the standard, SM and SOM conditions of Experiment 4. 
nearer eccentricities, whereas for tilted targets, they were 
at farther eccentricities. On the one hand, there are more 
cells tuned to vertical than oblique orientations at the 
fovea but not at peripheral reas (DeValois et al., 1982b), 
so that detection of vertical stimuli s most efficient at the 
nearest eccentricities. On the other hand, as eccentricity 
increases the bandwidth of cells increases so that greater 
differences in orientation are necessary for discrimina- 
tion (M~ikel/i et al., 1993; Paradiso & Carney, 1988). 
With magnified stimuli, the orientation asymmetry 
remained relatively constant across eccentricities. As in 
the previous experiments, novisual field differences were 
found here. 
EXPERIMENT 5: "STANDARD" AND "MAGNIFIED" 
SPATIAL FREQUENCY STIMULI 
In this experiment we investigated the effect of spatial 
frequency on search performance using high- or low- 
frequency vertical targets in a display filled with vertical 
distracters of the opposite frequency; a target differed 
from the distracters only by its spatial frequency. There 
were three conditions: tandard, size magnified (SM), and 
size and spatial frequency magnified (SFM). Considering 
the finer spatial frequency tuning in central than 
peripheral vision and the faster drop in sensitivity for 
high- than for low- spatial frequencies, we hypothesized: 
an eccentricity effect would be more pronounced for the 
standard high- than for the low-spatial frequency target; 
SM would improve performance and eliminate the 
eccentricity effect, aiding more the high- than the low- 
spatial frequency targets; and SFM would further 
improve performance for the high spatial frequency 
targets. 
Method 
Observers 
Twenty-one students from Wesleyan University were 
paid $15 to participate in three 1-hr experimental 
sessions. 
Apparatus, design and procedure 
They were the same as in the previous experiment. 
Stimuli 
They were the same as in Experiment 4,except that he 
target differed from the distracters in its frequency 
content. All items were vertical and consisted of either a 
high- (10 c/deg) or a low- (2 c/deg) spatial frequency. 
There were three conditions. 
1. Standard condition served as a control to explore 
how quantitative differences affected search perfor- 
mance; all the stimuli were 0.5 cm in diameter. 
2. SM condition. As in Experiment 4, by equating 
cortical size across different eccentricities, the size 
of the items and the number of cycles/grating 
increased as a function of eccentricity. 
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FIGURE 8. Observers' mean correct RTs (in msec) and error rates (%) for present and absent trials as a function of set size for 
high- and low-spatial frequency targets, for the standard, SM and SOM conditions of Experiment 5. 
3. SFM condition equated the relative number of 
cortical cells devoted to processing an item (Virsu & 
Rovamo, 1979), to examine the extent o which 
equating spatial frequency at the cortical level 
facilitated performance. The stimulus diameters 
were the same as in the SM condition. To achieve 
frequency scaling, the cycles/grating were held 
constant, and the items' spatial frequency at the 
retinal level was lowered based on 10 and 2 c/deg at 
central vision. 
Results and discussion 
General analysis 
According to within observers' four-way ANOVAs 
(magnification × target frequency x target presence x set 
size) both RTs and error rates were higher in the standard 
than in either magnified condition (Fig. 8). Besides the 
benefit of SM, performance may have improved for this 
condition because visibility improves for sinusoidal 
gratings with increasing number of cycles (Howell & 
Hess, 1978; Quinn & Lehmkuhle, 1983). Even though 
this was not the case in the SFM condition, performance 
was also more effective than in the standard condition. 
As set size increased error rates augmented in the 
standard, present high-frequency targets. RTs were 
higher for absent than present trials, but error rates were 
higher for present han absent trials. The difference 
between present and absent argets was reduced in both 
SM and SFM; RTs indicate that the target absence was 
more readily apparent with magnified stimuli, and error 
rates indicate that detection was more accurate for the 
magnified than for the standard high-frequency targets. 
This experiment dealt with the detection of spatial 
frequencies within the central 14 dug of visual angle, 
which contains more retinal cells tuned to, and a higher 
contrast sensitivity for, high- than low-spatial frequencies 
(DeValois & DeValois, 1988; Graham, 1981; Pointer & 
Hess, 1989). In the standard condition the low- were 
detected faster than the high-frequency targets*. Search- 
*Although response time for different spatial frequencies (e.g. 
Breitmeyer, 1975; Vassilev & Mitov, 1976) may have contributed 
to the asymmetry, it could not be the critical variable, given that: (a) 
The variations in speed with changes in spatial frequency are 
generally < 50 msec (Breitmeyer, 1975); (b) in the SM condition 
the spatial frequencies were the same as in the standard condition 
but the asymmetry decreased significantly; (c) the SM and SFM 
conditions produced similar results, even though their spatial 
frequency content at the retinal-image l vel was not the same; (d) 
according to the response time hypothesis, the asymmetry should 
be more pronounced at fovea than at periphery since the high 
spatial frequency channels drop off with increasing eccentricity 
whereas low spatial frequency channels are more evenly distributed 
across different eccentricities (DeValois & DeValois, 1988; 
Graham, 1989). The opposite was the case, the asymmetry was 
more pronounced for farther eccentricities. 
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trials as a function of eccentricity for the standard, SM and SOM conditions of Experiment 5. 
ing for a low frequency target was more effective because 
it "popped out" against a background of high frequency 
distracters which were more easily processed by this 
region of the visual field. In contrast, search for a high 
frequency target was slowed by the presence of low 
frequency distracters. Because there are fewer cells tuned 
to the low frequencies, the distracters were not filtered 
as efficiently and the decreased signal-to-noise ratio 
impaired performance. When spatial resolution was 
equated, the spatial frequency asymmetry was eliminated 
in terms of accuracy. In terms of latency, SM reduced 
the asymmetry; the salience and detection of the SM 
high frequency target were improved, and the low spatial 
frequency SM distracters facilitated the filtering process. 
However, the SFM high-frequency were processed faster 
than low-frequency targets. This slight inversion may 
have been due to the fact that the additional scaling of 
spatial frequency facilitated etection of high- but not 
of low-spatial frequency items. In the magnified condi- 
tions, the retinal frequency decreased as eccentricity 
increased. In a search for a high frequency target, the 
display was filled with very low frequency distracter 
items (0.3-0.9c/deg) which were below the CSFs 
optimum frequency range of detectability, whereas the 
magnified high frequency targets were closer to the peak 
sensitivity range (1.4 4.6c/deg). Thus, the cortical 
representation resulted in low frequency attenuation, 
which brought about noise reduction, increased the 
signal-to-noise ratio and facilitated target detection. 
Conversely, searching for a low frequency target, the 
signal produced by the target was weak and the noise 
produced by the distracters was stronger, thus the signal- 
to-noise ratio was reduced and target detection was not 
very efficient. Indeed, for low frequency targets there was 
no significant difference between the standard and the 
SFM conditions. 
According to conventional criteria, all searches were 
performed in a parallel fashion; the slopes were < 
10 msec/item, and their absent/present slope ratio was 
closer to 1:1 than to 2:1 (e.g. Enns & Rensink, 1990a,b; 
Treisman & Sato, 1990). A linear regression model in 
which the dependent variable was RT and the main 
independent variable was set size was applied to the data. 
Target (pres = 0, abs = 1), spatial frequency (high = 0, 
low=l) ,  and magnification (standard=0, SM=I ,  
SFM = 2) were assigned as dummy variables. A forward 
stepwise regression, RT = 445 + 120(T) - 28(F) - 
71(M'T) -  l l(M*F), in line with the ANOVA results, 
indicated that target and frequency and their interaction 
with the magnification factor were significant predictors 
(P < 0.05) of performance. 
Eccentricity analysis 
RTs and errors increased for standard targets that 
appeared at greater eccentricities, but remained fiat in 
both magnified conditions (Fig. 9, except at 14 deg). 
According to the general analysis, there appeared to be a 
set size effect in the error rates for present, standard high 
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frequency targets. However, target eccentricity error 
function of the standard condition illustrates that most of 
the "misses" resulted from the largest eccentricities. 
As in the previous experiment, linear regressions 
indicated that for both high- and low-spatial frequency 
standard targets, eccentricity was a significant predictor 
(slopes = 11 msec and 4% errors, and 5 msec and 1% 
errors/degree of target eccentricity, P<0.001). In 
contrast, the regressions for the magnified conditions 
fulfill the criterion for successful M scaling, a single 
function, independent of eccentricity, satisfactorily de- 
scribes the data (Virsu et al., 1987). 
A within-observers' ANOVA indicated a strong 
eccentricity effect in the standard condition for both 
RTs and error rates; however, this effect disappeared in
SM and SFM. In agreement with our hypothesis, the 
interaction of magnification × eccentricity x frequency 
showed the eccentricity effect was more pronounced 
for high- than for low-spatial frequency targets only in 
the standard condition. This is because the detectability 
of high- relative to low-frequencies decreases more with 
increasing eccentricity (DeValois & DeValois, 1988; 
Graham, 1981, 1989; Hess & Hayes, 1994). SM resulted 
in more efficient filtering of the low frequency items 
overall, and aided the detection of standard high- 
frequency targets which was deficient in the periphery. 
Moreover, SFM further aided high frequency targets. The 
reduced noise produced by the low frequency items, due 
to the low frequency attenuation, interfered minimally 
with detection of high frequency items. Even though the 
high frequency distracters were filtered efficiently, the 
signal produced by the low frequency target was 
weakened from that in the SM condition, thereby slightly 
worsening performance. 
Visual field analysis 
We found no upper vs lower visual field asymmetry. 
The targets were processed more efficiently when they 
appeared in the right- than in the left-visual field for all 
conditions, except for the standard high spatial frequency 
target. Furthermore, when visual field and eccentricity 
interacted, the eccentricity effect was more pronounced 
for the left- than for the right-visual field. Although we 
have explored visual field asymmetries in the eccentricity 
effect [e.g. Experiments 1-3; Carrasco et al. (1995); 
Carrasco & Frieder (1997)], this is the first time that we 
found this visual field asymmetry. This may be related to 
the nature of the stimuli; the sinusoidal gratings used here 
are simpler stimuli for the visual system than the 
aperiodic bars we have used previously. The present 
findings agree with previous research showing that 
targets were processed more accurately when they 
appeared in the right than in the left visual field (Efron 
et al., 1987, 1990a,b,c; Yund et al., 1990a,b,c). These 
authors attributed this field asymmetry to a non-eye 
movement scan which examines the stimuli in the right 
visual field, followed by the left, and have considered this 
scan to be an automatic perceptual process which is not 
influenced by selective attention mechanisms. 
EXPERIMENT 6: CONTROL STANDARD STIMULI 
In Experiment 5 we showed an eccentricity effect for 
frequency gratings of equal physical size. One could 
dispute our claim that magnified stimuli improved 
performance as compared to the standard conditions 
and eliminated the eccentricity effect because there was a 
specific correspondence of stimulus size with retinal 
eccentricity. These findings could, perhaps, merely be 
explained by the larger stimulus size, and consequently 
improved discriminability, of the magnified stimuli. 
Whereas in the standard condition the stimuli diameter 
was 0.5 cm, in the magnified condition the stimuli ranged 
in size from 1.1 to 3.55 cm in diameter. We set out to rule 
out this alternative hypothesis in the following experi- 
ments. 
Here we explored the possibility that the eccentricity 
effect would be eliminated if all the spatial frequency 
patches were simply made ~arger so that they could easily 
be discriminated atthe peripheral locations. We reasoned 
that unless the stimuli were scaled in size incrementally 
to account for gradual changes in the retinal architecture 
(as achieved by M-scaling), an eccentricity effect should 
be seen; the larger the stimuli, however, the smaller the 
effect should be because spatial resolution would become 
less critical. To assess whether the results obtained with 
magnified stimuli could be explained by the fact that they 
were larger than the standard stimuli, in this experiment 
all gabor patches ubtended either 2.68 deg (Phase 1) or 
2.31 deg (Phase 2) of visual angle, which corresponded to 
the two intermediate stimulus sizes used in Experiment 
5's SM condition--the size presented at10 deg (Phase 1), 
or 8.5 deg (Phase 2). Thus, an eccentricity effect was 
predicted, although to a lesser degree than in the standard 
condition when stimuli subtended only 0.5 deg of visual 
angle. Eight Wesleyan University graduate students who 
were paid $5 (Phase 1), and 13 undergraduates from the 
NYU Subject Pool (Phase 2), participated as observers in 
1 hr experimental session. 
Results and Discussion 
In both phases, according to a within-observers' three- 
way ANOVA (frequency ×eccentricity ×set size; Fig. 
10), an eccentricity effect emerged for both high- and 
low-frequency targets. These results are in agreement 
with previous findings from our lab. When we used larger 
stimulus ize than in Experiment l 's standard condition, 
search for three-dimensional stimuli subtending 1.5 deg 
of visual angle (Kumar, 1994) and two-dimensional 
stimuli subtending 1deg of visual angle (Carrasco & 
Chang, 1995; Carrasco et al., 1995), the eccentricity 
effect consistently emerged. 
The eccentricity effect was more pronounced in Phase 
2 than in Phase 1, and less pronounced than in 
Experiment 5's standard condition. These results illus- 
trate that as spatial resolution becomes more critical, the 
extent of the eccentricity effect becomes more pro- 
nounced. Note that since most stimuli found in the visual 
search literature subtend a rather small visual angle 
presented at a range of visual field eccentricities, they 
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FIGURE 10. Observers' mean correct RTs (in msec) and error rates 
(%) for high- and low-spatial frequency targets on present rials as 
a function of eccentricity for the "large standard" stimuli of 
Experiment 6. 
would be largely sensitive to spatial resolution differ- 
ences and thereby prone to a confound of set size and 
eccentricity. Furthermore, these results clearly show that 
the elimination of the eccentricity effect attained in 
Experiment 5's SM and SFM conditions did not result 
from a mere increment in stimulus ize; it resulted from a 
specific correspondence of a given stimulus ize with a 
given retinal eccentricity hat equated the detectability of
targets at different eccentricities. 
EXPERIMENT 7: SIZE AND SIZE & SPATIAL 
FREQUENCY "DEMAGNIFIED" STIMULI 
In line with the argument that the eccentricity effect is 
eliminated with magnified stimuli because their cortical 
representation is equated, we reasoned that it would be 
useful to investigate performance when peripheral vision 
was hindered rather than aided. In the following 
"demagnified" condition, the M-factor was the same as 
in Experiment 5's SM condition, however, the corre- 
spondence between stimulus size and location was 
reversed. The largest stimuli were presented in the 
central ocations, decreasing in size towards peripheral 
locations so that at the most distant eccentricity the 
stimulus size was the smallest, corresponding to that 
presented at the most central eccentricity of Experiment 
5. At the retinal level this display was similar to 
Experiment 5's SM (Phase 1) and SFM (Phase 2) 
conditions in that the distracters were heterogeneous. 
Stimulus size (Phase 1) and stimulus size and spatial 
frequency (Phase 2) decreased from center to periphery 
of fixation point, forming a size gradient (Phase 1) or a 
size and frequency gradient (Phase 2). The presence of an 
eccentricity effect in these conditions could only be 
attributed to a mismatch between optimal stimulus ize 
and retinal eccentricity. Nineteen undergraduates from 
the NYU Subject Pool (Phase 1), and eight Wesleyan 
University graduate students who were paid $5 (Phase 2) 
participated as observers in a 1 hr session. 
Results and Discussion 
As in the previous experiment, he three-way ANO- 
VAs indicated the presence of an eccentricity effect in 
both Phase 1 and 2 (Fig. 11). This eccentricity effect was 
more pronounced than in all three standard conditions 
(Experiments 5 and 6). Moreover, when peripheral vision 
was hindered by decreasing stimulus size as target 
eccentricity increased, search accuracy markedly de- 
creased at the farthest target eccentricities. The critical 
finding was that the presence of the eccentricity effect 
found here contrasts with the elimination of the 
eccentricity effect found in the SM and SFM conditions 
(Experiment 5). 
Together, Experiments 6 and 7 substantiate our 
findings that magnifying the stimuli achieves quantita- 
tively invariable performance across the retina by 
matching the appropriate stimulus size with retinal 
eccentricity, and by manipulating the stimulus spatial 
frequency content accordingly. These results upport the 
conclusion from Experiments 4 and 5 that variations in 
retinal processing of stimulus content, such as size, 
spatial frequency, and orientation, contribute to the 
eccentricity effect previously found in visual search 
(Carrasco et al., 1995; Carrasco & Frieder, 1997). 
GENERAL DISCUSSION: EXPERIMENTS 4--7 
In Experiments 4-7, we investigated whether the 
eccentricity effect (Carrasco et al., 1995; Carrasco & 
Frieder, 1997) could be explained by the quantitative 
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FIGURE 11. Observers' mean correct RTs (in msec) and error rates 
(%) for high- and low-spatial frequency targets on present trials as a 
function of eccentricity for the "demagnified" stimuli of Experiment 7.
differences in retinal processing of visual stimuli. By 
magnifying either the stimulus size and/or its spatial 
content (orientation or spatial frequency), we explored 
how the spatial content of the stimuli--spatial frequency 
or orientation--would "affect search performance, in 
general, and the eccentricity effect, in particular. We 
ruled out the possibility that search performance was 
improved and the eccentricity effect was eliminated 
simply because stimulus discriminability was enhanced 
in the magnified conditions. 
Feature asymmetries for orientation and spatial fre- 
quency searches 
In Experiment 4 the orientation asymmetry was 
replicated with 23 deg tilted targets. In Experiments 5- 
7 a spatial frequency asymmetry emerged: low spatial 
frequency targets were detected faster and more accu- 
rately than high spatial frequency targets. According to 
the suggestion that the direction of the search asymmetry 
is a diagnostic tool to identify the primitives of the visual 
system (Treisman & Gormican, 1988), spatial frequency 
would be considered a primitive feature. Spatial fre- 
quency is also considered to be a "visual primitive" 
according to studies using conventional psychophysical 
techniques. 
It has been suggested that searching for the standard 
(e.g. vertical) and the deviating (e.g. tilted) values 
imposes differing demands in terms of attentive proces- 
sing, and that asymmetries emerge because features 
standard to the system activate only a prototypical 
"channel", but deviating features activate both the 
prototypical and their own channels (e.g. Treisman & 
Gormican, 1988). However, the present results lend 
further support o our previous uggestion that the same 
principle may not adequately explain all asymmetries 
(Carrasco & Frieder, 1997). For instance, in these 
experiments, there was not an "added" component either 
in low- as compared to high-spatial frequencies, or in 
tilted as compared to vertical ines. Based on physiolo- 
gical and psychophysical estimates, the high- and low- 
spatial frequency stimuli, as well as the vertical and tilted 
lines, used here would activate different, non-overlapping 
channels (DeValois & DeValois, 1988; Ginsburg, 1978; 
Graham, 1989). 
We suggest that the spatial frequency asymmetry 
emerged because the area of the visual field stimulated in 
this experiment is better suited to detect the high- than the 
low-spatial frequency stimuli. If one considers the search 
task in terms of noticing an irregularity or a discontinuity 
in the display (e.g. Sagi & Julesz, 1987), rather than in 
terms of finding the unique target, it follows that the 
lower threshold required to notice the high spatial 
frequency distracters facilitated the perception of the 
background to reveal the discontinuity of the single low 
spatial frequency target. In contrast, it took longer to 
respond to a background of low spatial frequency 
distracters and to notice the discontinuity produced by 
the high spatial frequency target. Likewise, as discussed 
previously, the orientation asymmetry can be explained 
by the lower threshold necessary to detect he vertical 
distracters in order to reveal the tilted target han to detect 
the tilted distracters in the reverse situation. 
Eccentricity effect: spatial resolution hypothesis revisited 
The eccentricity effect consistently emerged with the 
standard stimuli. We have documented this effect with 
target eccentricities ranging from 0.7 to 3.5 deg (Carras- 
co et al., 1993, 1995), and from 1.5 to 7 deg (Carrasco & 
Frieder, 1997; Carrasco & Yeshurun, 1997). This study 
expands the evidence of an eccentricity effect when the 
target appeared from 2.8 to 14 deg, and demonstrates that 
when stimuli were magnified by size alone (Experiments 
4 and 5), by size and orientation (Experiment 4), or by 
size and spatial frequency (Experiment 5), the eccen- 
tricity effect found in visual search disappeared. These 
results agree with a previous study in which the 
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eccentricity effect for an orientation search of lines 
(aperiodic patterns) was eliminated in both feature and 
conjunction searches when stimulus ize was magnified 
(Carrasco & Frieder, 1997), and further our under- 
standing of the effects of stimulus content on search 
performance. The present results are concordant with 
physiological and psychophysical evidence of the non- 
homogeneous visual properties across the retina: the 
fovea has more cells tuned to high- than low-spatial 
frequency (DeValois & DeValois, 1988; Robson & 
Graham, 1981) and vertical than oblique orientations 
(DeValois et al., 1982b), but the difference flattens out as 
eccentricity increases (DeValois & DeValois, 1988). 
That the eccentricity effect was enhanced when stimuli 
contain high-spatial frequencies or fine orientation 
discriminations has important implications. In visual 
searches that are especially sensitive to the effects of 
eccentricity, the search pattern would be affected and the 
set size effect would be more likely to be inflated and thus 
to be considered more serial and to require more covert 
attentional shifts. 
After M-scaling, slight remnants of the eccentricity 
effect persisted at the largest eccentricities 12-14 deg. 
This was probably due to the effect of lateral interference 
at farther eccentricities. Indeed, reducing interstimulus 
distance has been shown to adversely affect performance 
(Polat & Sagi, 1993; Sagi, 1990). The spacing between 
the magnified items decreased from 2.9 to 0.73 deg as 
eccentricity increased. To avoid this problem, the 
interitem spacing would have to be magnified too. 
Unfortunately, this would drastically limit the set sizes 
used, which in turn would limit the conclusions that could 
be made about performance (Carrasco et al., 1995). 
Additionally, visual acuity and letter recognition have 
been shown to be greatly influenced by the presence of 
nearby contours; these spatial interactions are referred to 
as contour interaction or crowding. Whether these 
interactions are more extensive in the periphery than in 
the fovea (Bouma, 1970; Jacobs, 1979); or are qualita- 
tively similar in foveal and peripheral vision, differing 
only by a scale factor (Levi et al., 1985), the slight 
eccentricity effect that remained in the magnified 
conditions could be explained by the fact that the zone 
of interaction increases with eccentricity more rapidly 
than for visual acuity. Whereas resolution is limited by 
retinal factors, spatial interference seems to be limited 
cortically (Toet & Levi, 1992). Moreover, the spatial 
interactions or lateral interference that are present for a 
wide variety of acuity and hyperacuity tasks, increase 
with eccentricity and display density from central fixation 
(Bouma, 1970, 1978; Engel, 1974; Jacobs, 1979; Toet & 
Levi, 1992)* 
Cortical magnification and stimulus similarity 
Current models state that detection of a target would 
decline as the heterogeneity of the display increases. The 
more similar the distracters, the stronger the grouping 
effects among them and the more efficiently they can be 
rejected (e.g. Duncan & Humphreys, 1989, 1992; Farmer 
& Taylor, 1980; Moraglia, 1989b; Nothdurft, 1993a,b; 
Treisman, 1982; Wolfe, 1994). Irr the present study the 
SM condition added the physical dimension of size to the 
search, and the size and feature (spatial frequency or 
orientation) magnified conditions added the physical 
dimensions of size and spatial frequency (SSM) or size 
and orientation (SOM) to the search, which are 
considered to be dimensions processed by specific feature 
maps (e.g. Treisman & Gormican, 1988; Wolfe et al., 
1989; Wolfe, 1994). Although M-scaling increased the 
distracter heterogeneity at the physical and at the retinal- 
image level and diminished the signal-to-noise ratio 
within and between trials, performance was always better 
in the magnified than in the standard conditions. 
Furthermore, based on the idea that distracter hetero- 
geneity---even on dimensions that observers are not 
asked to detect--impairs performance (Duncan & 
Humphreys, 1989; MUller et al., 1995; Nothdurft, 
1993b; Pashler, 1988), stimuli varying in three dimen- 
sions could have been expected to hinder performance 
more than stimuli varying in two dimensions. However, 
the greater heterogeneity of the orientation scaled tilted 
distracters in the SOM condition did not impair 
performance of vertical targets compared to the SM 
condition in Experiment 4. Likewise, even though the 
heterogeneity of the spatial frequency scaled distracters 
in the SFM condition was greater than in the SM 
condition, performance did not differ in Experiment 5. 
Studies dealing with texture segregation and pop-out 
from orientation contrast (Nothdurft, 1991) and with 
detection of orientation lines (Moraglia, 1989b) have 
shown that local heterogeneity impairs performancet. In 
this study distracter heterogeneity could be considered to 
be a gradient, and thus expected to affect performance to
a lesser degree than heterogeneous di tracters that do not 
form a gradient. No model, however, would predict hat a 
heterogeneous field of distracters, even if they differ in 
non-relevant dimensions (Duncan & Humphreys, 1989; 
Mtiller et al., 1995; Pashler, 1988; Theeuwes, 1991) and 
in a gradual fashion, would make the task simpler than a 
homogenous field of distracters. Furthermore, note that 
performance was worse in the size demagnified and size 
and frequency demagnified conditions (Experiment 7) 
than in the SFM condition (Experiment 5), and that the 
eccentricity effect was present in the former but not in the 
*Temporal inhibition may have also contributed to the slight 
eccentricity effect hat remained when stimulus ize was magnified. 
Even though all stimuli were displayed for the same duration 
(106 msec), detection of peripheral low spatial frequency targets 
may have suffered because the preferred temporal frequency at the 
periphery is higher than at fovea, and sensitivity to low spatial 
frequencies i  selectively reduced for low temporal frequencies 
(Carrasco, 1990; Olzak & Thomas, 1986). 
?The first study showed that for orientation targets to pop-out, the 
greater the local heterogeneity of the distracters, the larger the 
target-distractor orientation difference must be. The second study 
showed parallel search when the distracters' orientation was the 
same as the tangent of an imaginary circle, but serial search when 
the distracters were randomly positioned on such an imaginary 
circle. 
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latter, even though the distracter gradient was present to 
the same degree. 
CONCLUSION 
This study questions the assertion that the set size 
effect merely reflects covert attentional involvement in a 
search, as well as the validity of serial self-terminated 
searches that result from experiments in which a limited 
number and range of set sizes is used and only linear 
functions are evaluated. The present results suggest that 
the physiological constraints of the visual system, such as 
spatial resolution and lateral interference, as well as 
stimulus content, such as size, spatial frequency, and 
orientation, must be considered to explain search 
performance; differences in the quality of information 
exert a predictable impact on search performance that is 
independent of covert attentional processes. In the same 
vein, recent studies emphasize the importance of 
equating low-level (sensory) factors before attributing 
performance to "attention" (Geisler & Chou, 1995; 
Verghese & Nakayama, 1994; Palmer, 1994). For 
instance, low-level factors such as stimulus information 
content and spatial resolution predict variance in search 
time in multiple-fixation searches of both feature and 
conjunction searches (Geisler & Chou, 1995). Our results 
also agree with findings of search performance as a 
function of discriminability; performance for orientation, 
spatial frequency or color, is comparable to discrimina- 
tion thresholds determined at a fairly early stage by 
orientation, spatial frequency mechanisms or opponent 
color, respectively (Verghese & Nakayama, 1994). 
In previous research, we have demonstrated that both 
overall performance and the so-called set size effect may 
be confounded by the eccentricity effect. This finding has 
implications on data interpretation a d on the conclusions 
about the nature and the efficiency of the search. 
Although we have stressed the contributions of spatial 
resolution to the set size effect (e.g. Carrasco & Frieder, 
1997), this effect is most likely due to a variety of factors 
(Carrasco & Yeshurun, 1997). Other explanations for this 
effect have been formulated in the decision making 
models, such as confusability. The "confusability" view 
attributes the set size effect to the noisy quality of the 
sensory impressions, which increases the risk of confus- 
ing the target with a distracter as the number of distracters 
increases (e.g. Kinchla, 1974; Kinchla et al., 1995; 
Palmer, 1994; Palmer et al., 1993; Shaw, 1982). For 
instance, to control for the effects of lateral interaction on 
search performance, Palmer displayed eight stimuli, and 
*However, this finding had some limitations. It did not extend to set 
sizes larger than eight, when the eccentricities varied from 5 to 
13 deg (Experiment 6). Moreover, to obtain similar effects of 
display and relevant size for more complex stimuli, the separation 
of the stimuli had to be at least 6 deg, where there were only two set 
sizes: 2 and 4 (Experiment 5). Furthermore, note that he results are 
not unequivocal because performance was not analyzed as a 
function of target eccentricity, and the 750 msec that elapsed 
between the cue and the display allowed for eye movements otake 
place. 
either two or all eight were cued as relevant, and the 
target appeared between 5 and 8 deg of eccentricity. The 
finding that the magnitude of the relevant set-size ffect 
was similar to the magnitude of the display-set-size effect 
was interpreted in terms of an attentional effect on 
decision, not on perception*. 
While acknowledging that search performance and the 
set size effect may result from a combination of 
perceptual and decision-making factors, in this study 
we stress the contribution of the quality of the sensory 
representation to search performance. It is likely that the 
same searches that need fine discriminations between 
target and distracters in terms of spatial frequency and/or 
orientation are those for which the search patterns are 
considered to be the result of covert attentional shifts: the 
eccentricity effect would be more pronounced, which in 
turn, would inflate the set size effect. Here, we have 
shown that when spatial resolution factors are accounted 
for in terms of the size, spatial frequency, and orientation 
of the stimuli, the eccentricity effect disappears. Hence, 
the eccentricity effect seems to be a product not only of 
the differing spatial resolution of different areas of the 
retina (Carrasco et al., 1995; Carrasco & Frieder, 1997), 
but also of the spatial properties of the stimuli, such as 
spatial frequency and orientation. 
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